Fragments of SP6 DNA generated by cleavage with Hpa II or Taq I were cloned into the Cla I site of pBR322 and the recombinant plasmids were screened for the presence of SP6 promoter activity by transcription ijn vitro with purified SP6 RNA polymerase. Three plasmids having promoter activity and small inserts of SP6 DNA were characterized. Hybridization studies showed that all three cloned promoters arose from different regions of the SP6 genome. Comparison of the consensus promoter sequence (5' ATTTAGGgGACACTATAGAAG|G 3') with the consensus sequences of promoters recognized by the T3 and T7 RNA polymerases reveals a common core sequence (5'-CACTA-3*) extending from -7 to -3. as well as other features that may be important in selective promoter recognition by the phage RNA polymerases.
INTRODUCTION
Bacteriophage SP6 encodes a single subunit RNA polymerase that is very similar to the RNA polymerases encoded by bacteriophages T3 and T7 (1-1). The phage RNA polymerases are very specific and recognize only promoters from their own systems.
A determination of the sequences of seventeen promoters for the T7 RNA polymerase and eleven promoters for the T3 RNA polymerase had allowed a deduction of the consensus sequence recognized by these two phage enzymes (5, 6) . In contrast, the sequence of only one SP6 promoter had previously been determined (1, 7) . In this report, we describe the characterization of three additional promoters for the SP6 RNA polymerase. A comparison of the consensus sequences of the promoters for all of the phage RNA polymerases reveals interesting features of these transcription systems.
MATERIALS AND METHODS
Enzymes and DNA SP6 phage (obtained from Dr. M. Chamberlin) were propagated and purified in cesium chloride gradients, and DNA was isolated from the phage particles as described by Butler and Chamberlin (1) . SP6 RNA polymerase was obtained from a) The approximate size of the SP6 DNA fragment was determined by digesting the plasmid with Eco RI and Hind III (which flank the Cla I site in pBR322 into which the SP6 DNA had been cloned). b) Transcription in the same sense as the tetracycline resistance gene is referred to as rightward oriented transcription. c) The approximate position of the SP6 promoter in the cloned DNA (to within 20 bp) was determined from the sizes of runoff transcripts that were produced when plasmid DNA that had been digested with Bam HI or Pst I was used as template. The precise location was subsequently determined from the sequence of the DNA within the insert, and is given as distance from the Eco RI site in pBR322 DNA to the +1 position of the promoter (as designated in Figure 2 ). Hpa II and Taq I fragments of SP6 DNA were cloned into the Cla I site of pBR322 by standard methods (8) . To determine the sequences of SP6 DNA in the recombinant plasmids, the plasmids were digested with Hind III or Eco RI (sites for which flank the Cla I site by 6 bp and 25 bp, respectively) and the DNA was end-labeled by treatment with alkaline phosphatase and polynucleotide kinase (8) . The region containing the promoter was then cleaved from the remainder of the plasmid by secondary digestion with Eco RI or Hind III, purified by gel electrophoresis, and sequenced by the method of Maxam and Gilbert (9) . When necessary, additional restriction sites within the SP6 DNA were identified and used for end-labeling. For all sequences reported here, both strands of the DNA were sequenced.
RESULTS
Cloning and mapping of SP6 promoters SP6 DNA was cleaved with Hpa II, Taq I, or both of these enzymes together, and the fragments were cloned into the Cla I site of pBR322. Plasmid DNA was isolated from the transformants by the method of Birnboim and Doly (10) , and screened for the presence of SP6 promoter activity by transcription in vitro with purified SP6 RNA To determine the region of the SP6 genome from which each of the cloned promoters had arisen, plasmid DNA was transcribed in vitro using purified SP6 RNA polymerase and the transcription products were hybridized to Southern blots (12) of genomic SP6 DNA that had been digested with either Bg1 II or Hind III. Restriction maps for SP6/Bg1 II and SP6/Hind III are shown at the top (13) . Fragments to which transcripts from the three plasmids hybridized are indicated below. The region of SP6 DNA that contains the promoter in pSP64 is indicated by the hatched box (13) . polymerase, as previously described for the T3 RNA polymerase (11) . Three plasmids that had strong promoter activity and small inserts were selected for further characterization (Table 1) .
To identify the region of SP6 DNA from which the inserts in the plasmids had arisen, the plasmids were transcribed in vitro with purified SP6 RNA polymerase and the labeled transcripts were hybridized to Southern blots of SP6 DNA (data not shown). Because SP6 DNA does not cross hybridize with pBR322 DNA, the resulting transcripts hybridized only to fragments of SP6 DNA that contained the region cloned in the plasmid (see Figure 1) . All of the cloned promoters came from distinct nonoverlapping regions of the SP6 genome. This is also apparent from the non-identity of the flanking sequences around the common core sequence, as shown in Figure 2 .
Sequence analy3i3 of cloned promoters
The SP6 DNA in the plasmids was sequenced by the method of Maxam and Gilbert as described in Materials and Methods. The sequences of the promoter regions in each of the plasmids constructed in this work and the SP6 promoter that is contained in Figure 2 . Sequences of cloned SP6 DNA fragments. SP6 DNA in the recombinant plasmids was sequenced by the method of Maxam and Gilbert (19). The sequence of the SP6 promoter that is contained in pSP6U was independently determined by two groups of investigators (1,7). Positions in the promoters are numbered relative to the start site for RNA synthesis ( + 1) in the pSP6H promoter, as previously determined (4,7) • A consensus sequence for all four SP6 promoters is written at the bottom of the figure. promoters is written at the bottom of the Figure The consensus sequences of eleven T3 promoters, four SP6 promoters and seventeen T7 promoters are written in capital letters. Lower case letters indicate variations that are observed in individual promoters. Solid lines indicate positions that always differ between the pair of promoters being compared. Dotted lines indicate positions where the promoters differ sometimes, but not always. The consensus sequence for all three promoter types appears on the bottom line. Note that a core sequence from -7 to -3 (CACTA) is nearly always present, and that all three promoters differ at -10.
DISCUSSION
Because SP6, T3 and T7 are related, and because their RNA polymerases have similar properties, it is reasonable to expect that some features that are required for promoter function would be conserved in all three promoter types. In contrast, because the phage polymerases exhibit a high degree of specificity for their homologous promoters, we would expect that certain features of the promoters must be different, and that some of these differences must be important in determining the specific interaction of a given RNA polymerase with its homologous promoter.
As seen in Figure 3» and as previously noted by Chamberlin and Ryan (1), all three phage promoters are highly conserved and share a related sequence, 5' -CACTA^AG-3' . that extends from -7 to +1 . The region from -7 to -3 (5' -CACTA-3') is particularly well conserved. Among all the naturally occurring T3, T7 and SP6 promoters that have been sequenced, there is only one promoter which has a substitution in the latter, core region -the T7 promoter at 16.05$ of genome length (the 01 .3 promoter) (5, 11) . This promoter, which has a C to G change at position -5 is many-fold weaker than the conserved class III T7 promoters (11, 15) . A number of variant T7 and SP6 promoters have been constructed in vitro in which the core region (as well as other regions) was altered; all of these were inactive (7, 16, 17) . The near total conservation of the core sequence in all three promoter types suggests that this element plays an important role in the initiation of transcription, perhaps by interacting with the polymerase in some common fashion.
In considering the specificity of the polymerases for their respective promoters, we focus, not on conserved features, but rather on positions where the promoter sequences differ from one another. The SP6 promoters always differ from both the T3 and T7 promoters at positions -8, -9, and -10, while being similar to at least some of the T3 and T7 promoters at all other positions. The T3 and T7 promoters always differ from one another at positions -10, -11 and -12, and sometimes differ at positions -2 and -15. All three of the promoters have a different base at -10.
Because the only position at which all three promoters differ is -10, a simple interpretation of the data might lead to the prediction that this is an important determinant of promoter specificity. However, in related work, we have synthesized variant promoters for the T3 and T7 RNA polymerases in which the bases at -2, -10, -11 and -12 were changed individually or in various combinations. We found that the bases at the -2 and -11 positions are the most critical in determining the specificity of these two promoters for their homologous polymerases and that the bases at the -10 and -12 positions were of little importance (manuscript in preparation). Whether the specificity of the SP6 RNA polymerase for its promoters also involves the -2 and -11 positions remains to be determined.
